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ABSTRACT
We compute the cosmic microwave background (CMB) anisotropy in a low-density,
at, cosmological constant, cold dark matter model which is normalized to the two-year
COBE DMR sky map. Although conclusions regarding model viability must remain
tentative until systematic eects are better understood, there are mild indications that
these models have more intermediate scale power than is indicated by presently available
CMB anisotropy observational data, with old (t
0
>

15   16Gyr), high baryon density
(

B
>

0:0175h
 2
), low density (

0
 0:2   0:4) models doing the worst.
Subject headings: cosmic microwave background | cosmology: observations | large-scale
structure of the universe | galaxies: formation
1
1. INTRODUCTION
Recent determinations of the Hubble parameter h = H
0
=(100km s
 1
Mpc
 1
) and the
age of the universe t
0
, combined with other observational evidence, suggests that the mass
density parameter 

0
is small. (We emphasize, however, that if all the mass were baryonic,
there are weak indications that some of it must be in a form that does not take part in
nucleosynthesis, e.g., Reeves 1994; Kernan & Krauss 1994.) A low-density cold dark matter
(CDM) model with at spatial sections and a cosmological constant , with an initial epoch
of ination, might eventually prove to be a reasonable model of the universe (Peebles
1988)
4
. Normalized to the two-year DMR sky maps (Bunn & Sugiyama 1995, hereafter
BS; Sugiyama 1995, hereafter S95; Stompor, Gorski, & Banday 1995, hereafter SGB), the
model is mostly consistent with large-scale structure observations when 

0
 0:3, although
there are mild indications that the model has an excess of large-scale structure power on
intermediate scales (SGB; Scott, Silk, & White 1995, hereafter SSW). Here we examine
the compatability of the primary
5
CMB anisotropy predictions of this DMR-normalized
ination model with what has been measured on angular scales smaller than that probed
by the DMR.
2. SUMMARY OF COMPUTATION
The parameters characterizing models 1 { 11 (Table 1, col. [2]) are chosen to be
roughly consistent with small-scale dynamical estimates of 

0
, measurements of h and t
0
,
and nucleosynthesis bounds on 

B
h
2
. Model 12 is the ducial at CDM model, and is
only included for the purpose of a comparison. To make the problem tractable, eects of
reionization, tilt, and gravity waves are ignored here.
4
The original motivation for at spatial sections no longer holds | there are open
ination models (Ratra & Peebles 1994; Gorski et al. 1995; Bucher & Turok 1995; Linde
1995; Amendola, Baccigalupi, & Occhionero 1995; Liddle et al. 1995; Yamamoto & Bunn
1995; Ratra et al. 1995). Also, quantum-mechanical radiative corrections aect  at all
energy scales; what happens to space curvature is less clear, but on energy scales below
the Planck scale it seems to be consistent to ignore the eects of quantum mechanics on
space curvature.
5
For this class of models, secondary CMB anisotropies are likely to be insignicant on
all but the smallest scales we consider here.
2
The computation follows Ratra et al. (1995, hereafter RBGS), and the details may
be found there. To normalize the model we use the quadrupole-excluded (ecliptic co-
ordinates) DMR normalization of BS (col. [6]). We follow SGB and also account for
systematic uncertainties in the DMR normalization by assigning total (1) error bars of
11% to the Q
(no Q)
rms PS
normalization. These systematics are: the dierence between the
ecliptic and galactic coordinate maps; the eect of including or excluding the quadrupole
in the analysis; the eects of varying 

B
and h on the DMR-scale CMB anisotropy (BS
normalized at xed 

B
and h); and, the numerical uncertainty in the CMB anisotropy
computation. With T=T =
P
l;m
a
lm
Y
lm
, the rms temperature anisotropy, seen through
a window W
l
, is (T=T )
rms
= (
P
1
l=2
(2l + 1)C
l
W
l
=(4))
1=2
, where C
l
= hja
lm
j
2
i. Dening
I(W
l
) =
P
1
l=2
(l + 0:5)W
l
=[l(l + 1)], the bandtemperature T
l
= T
rms
=
p
I(W
l
), and the
eective multipole l
e
= I(lW
l
)=I(W
l
) (Bond 1995). Two CMB anisotropy bandtemper-
ature spectra, at the extremes of the range of models we consider, are illustrated in the
gures. The rst line of the table gives l
e
(which is where the predictions and data are
placed in the gures; l
e
is mostly just a convenient measure for ordering the W
l
), and l
m
,
the multipole where W
l
peaks. The second line gives l
e
 0:5
, the two multipoles at which
W
l
e
 0:5
= e
 0:5
W
l
m
(except for FIRS). The third line is the conversion factor between T
l
and T
rms
. The DMR-normalized 1 range of the bandtemperature predictions for models
1 { 12 are tabulated for the experimental W
l
in columns (10) { (72) of the table.
As discussed in RBGS, the observational data points have been converted to bandtem-
perature, T
l
, with 1 error bars for those points where there is a 2 detection away from
0 or are 2 upper limits when there is not a 2 detection away from 0. These error bars
account for the size of the observational sample, as well as the uncertainty introduced due
to there being only one observable universe. Absolute calibration uncertainty has been
added in quadrature to the error bars. It is not strictly correct to account for calibration
uncertainty in this manner, but given the large uncertainty we have adopted this pro-
cedure. The last line of the table gives the central value, and the penultimate line the
range, of the observational data. Due caution must be exercised when comparing dierent
observational results, as well as when comparing them to model predictions (RBGS).
The observational estimates are based on an assumption of the form of the CMB
anisotropy spectrum | usually either a at or power-law bandpower or a gaussian corre-
lation function. While none of these forms are a good approximation to the spectra we
3
consider here, it is clear that one can, at this point (given the size of the other uncertain-
ties), ignore the error due to this approximation for narrow windows like SK94 or SK95
(provided the CMB spectrum is not changing rapidly through the window). It likely that
this assumption cannot be justied for broad windows, like SuZIE or FIRS, and it would
be useful to study such cases using more realistic CMB spectra, as has been done for the
DMR (e.g., BS; S95; Gorski et al. 1995; SGB).
3. DISCUSSION
The boldface entries in cols. (4), (8), and (9) of the table are disfavoured by what are
thought to be reasonable large-scale structure estimates. The allowed parameter space can
be further constrained by using other observational data. For instance, estimates of the
baryon mass fraction of clusters (White et al. 1993) are dicult to reconcile with models
5, 8, 11, and 12. Cluster abundances (White, Efstathiou, & Frenk 1993) disfavour the
M=M(8h
 1
Mpc) values of models 1, 3, 4, 11, and 12, and put pressure on models 7 and
8.
Models 4, 7, and 10 would seem to be dicult to reconcile with CMB anisotropy
data, and as indicated by the boldface entries in the CMB section of the table, there are
mild indications that at  models have an excess of intermediate-scale CMB anisotropy
power. (It is interesting that lowering 

B
or raising h helps resolves this problem, but
this would exacerbate the excess intermediate-scale structure power problem, SGB; SSW)
However, better control of systematic uncertainties (especially calibration uncertainty) will
be needed before it will be possible to draw robust conclusions about the viability of these
theoretical models. We emphasize that present CMB observational data does not strongly
discriminate between models.
A comparison between models and CMB data like that done here has discriminative
power for narrow windows like those of SK (as is indicated by the larger spread in the
predictions for models in, e.g., col. [40]). Such a comparison is not as discriminative for
wider windows (e.g., OVROL, col. [67]) since they average over a large range in l, and in
cases like this a direct maximum likelihood type comparison will be needed to fully utilize
the discriminative power of the data.
If it turns out that at  CDM models cannot be reconciled with observational data,
one way out would be to enlarge parameter space by including tilt, gravity waves, and/or
4
reionization (SSW; Ostriker & Steinhardt 1995). These parameters might soon be con-
strained by the OVRO and SuZIE CMB anisotropy observations. Another possibility is to
consider a time-variable  (e.g., Ratra & Quillen 1992).
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FIGURE CAPTIONS
Fig. 1.{ CMB anisotropy bandtemperature predictions for models 7 and 12 (lower values at
l  200). Continuous lines are what would be seen by a series of ideal, Kronecker window
(W
l
/ 
l;l
e
), experiments, for the models normalized to the central values of the DMR,
ecliptic coordinates, normalization of BS. Open squares (at the appropriate l
e
, and only for
model 7) are the predictions for the windows of the table, with horizontal lines terminating
at l
e
 0:5
, and with vertical, correlated, 1 error bars from the DMR normalization of BS.
If a at  model turns out to be a good description of the universe, it is unlikely that
near-future CMB observations will, by themselves, be able to pin down the values of h and


B
with much accuracy.
Fig. 2.{ CMB anisotropy bandtemperature observations (placed at the appropriate l
e
) for
all individual windows with data in the table (including those in the footnotes). Open
squares are detections that are at least 2 away from 0, and triangles are 2 upper limits
(they are placed at the 2 upper limit, not at the peak of the likelihood). Vertical 1
error bars also account for absolute calibration uncertainty. The continuous lines are the
models of Fig. 1. As l
e
is not particularly physical, the observational data points should
be directly compared to the prediction points of Fig. 1.
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